In the present work, the double emulsion (W/O/W) method was used to microencapsulate a protein model (Bovine Serum Albumin) in a biodegradable polymer poly(lactide-co-glycolide) (50:50) (PLGA). Colloidal and physicochemical characterization of PLGA based microspheres was investigated after their "crude" preparation and after drying and redispersion processes. Particle morphology and size were studied by scanning electron microscopy and by laser diffraction analysis. Electrokinetic study and colloidal stability were also studied as a function of pH and salinity of the medium. Atomic force microscopy (AFM) was used to study the surface properties. It was found that smooth microspheres were obtained after the drying process. The Atomic force microscopy results of microspheres stored for one month in water show softness and surface irregularity caused by the microspheres degradation. The colloidal stability of theses microspheres is mainly governed by repulsive electrostatic interaction due to the PLGA charge. The used amount of stabilizing agent poly(vinyl alcohol) (PVA) is low enough to ensure the sterical stabilization. Drying process has no effect on the surface properties and colloidal stability of the prepared microspheres.
Introduction
Colloidal carriers offer some advantages for sustained delivery of protein agents such as growth factors, proteins and other peptides [1, 2, 3, 4] . These advantages include the increased bioavailability, the protection of the drug against degradation and the control of the rate and the duration of release of the entrapped protein agents [5, 6] .
The preparation of such microparticulate drug delivery materials necessitates the use of hydrophilic materials to be adsorbed on their surface essentially to ensure their stability and to ensure a good biodistribution in the vascular compartment. Therefore, it is important to analyse the surface chemistry in order to have a good understanding on the stability and biodistribution of the microspheres and to relate these properties to the fabrication parameters. In this direction, various techniques and tools have been used. The microsphere surface is usually analysed by electron microscopy for the size and morphology, zeta potential and surface tension for the surface charges, atomic force microscopy (AFM) for the deflection of the microspheres' surface, X-ray photoelectron spectroscopy can provide quantifiable data on biomaterial surface chemistry such as the degree of surfactant adsorption on the surface [7] .
The surfactant poly(vinyl alcohol) (PVA) is frequently used as a stabilizer in biodegradable microsphere fabrication [8] . As it is a non charged polymer, the colloidal stability is mainly governed by sterical stabilization. The contribution of repulsive electrostatic interaction is not excluded and is due to the presence of negative charges on the particles. Adsorption of PVA on biodegradable microspheres was studied by X-Ray photoelectron spectroscopy [7] . It was found that poly(lactideco-glycolide) (PLGA) microspheres adsorb less PVA than PLA microspheres which was explained by the slight increase in hydrophilic character of the PLGA over PLA which decreases the need for PVA stabilization. In addition, it has been pointed out that the adsorption of PVA onto PLGA containing PEG moieties was reduced. It has also been shown that a fraction of PVA forms a stable network on the polymer surface, which cannot be removed during the washing procedure [9, 10] . Also, since PLGA microspheres are negatively charged due to the presence of carboxylic groups, the presence of PVA on their surface is supposed to shield their surface charge which was verified by zeta potential [11] . It was found however that the incorporation of PVA did not significantly influence the zeta potential [12] . This means however that the stability of PLGA particles is not directly related to the zeta potential and a best stability might be obtained with lower zeta potential.
In this work, microspheres are prepared by the w/o/w double emulsion technique [13, 14, 15] ). Numerous studies have been carried out to vary the different process parameters to optimize the w/o/w double emulsion technique. The polymer molecular weight, the polymer composition, the volume of the inner water phase, the DCM and PVA concentrations, the temperature and the stirring speed were studied in terms of their effect on the physicochemical characterization of the fabricated microspheres and the encapsulation efficiency [5, 6, 16, 17, 18] . The characteristics of microspheres in these studies were always investigated after the encapsulation process and not after drying and redispersion in water.
The aim of this work is to investigate the physicochemical characteristics of PLGA microspheres encapsulating a model protein, Bovine Serum Albumin (BSA) as active agent, produced by the w/o/w encapsulating technique described above. The colloidal stability, morphology and surface properties of the PLGA based microspheres after their "crude" preparation and after drying and redispersion are studied to evaluate the influence of drying process on these characteristics and especially on the stability of the microspheres. In this manuscript, the encapsulation efficiency and the activity of the loaded protein will not be discussed.
The particle size and morphology were studied by scanning electron microscopy and laser diffraction analysis. Atomic force microscopy (AFM) and zeta potential were realised to study the surface properties of the microspheres. The colloidal stability was studied as a function of both the pH and the salinity of the medium.
Results and discussion

Microspheres particle size and morphology
In order to illustrate the internal and external morphologies of the freshly produced microspheres, scanning electron microscopy (SEM) has been employed. SEM pictures (Fig. 1) show the surfaces of the microsphere before and after drying. It can be seen that the SEM pictures are very similar before and after drying which means that the drying process has no effect on the morphology of microspheres. It is clear that the shape of the obtained microspheres can be assumed to be spherical with smooth surfaces. However, two populations of particles can be distinguished in Fig. 1 at left whereas only the bigger population is conserved after the rinsing and drying process. The population of small size was certainly lost during the rinsing process or could not be collected from the filter. In Fig. 2 particles were cut in two parts in order to observe the internal morphology of the produced particles. It can be seen that the microspheres have a matrix form. A membrane is visible on the surface. The matrix device contains several holes that are assumed to contain the internal aqueous phase. It can be seen that small cavities are located close to the surface and bigger cavities are located in the centre of the microsphere. Small cavities could be created during the solvent extraction process while the big cavities during the first w/o emulsion. The particle size analysis confirms the SEM measurements. It can be seen in Figure  3 that the drying process does not affect the particles size. The mean particle size was about 8.25 µm before drying and 7.75 µm after drying. It can be seen however that small particles (≤ 1µm) disappear after rinsing and drying making the particle size distribution slightly narrower. 
Surface properties by AFM microscopy
AFM was used to analyze particles after their suspension in water for about a month. The AFM images of the microspheres surface and in height section indicate a soft particle surface in the form of vesicle spread out under the effect of its proper weight on the surface of the mica. This depression is highlighted by measuring the ratio height to width (Fig. 4 ). In the case of high solid particles, the above mentioned ratio is close to (or equal to) 1.
Concerning the analysis of the surface morphology, obtained cartographies show a rough and irregular surface that was not observed by SEM for newly produced particles. This can be explained by the long time during which particles were suspended in water (almost one month). In fact, it has been reported in the literature [4, 19, 20 ] that this period is sufficient to cause microsphere degradation. This degradation can be represented by this softness and surface irregularity. The nodules observed on the surface image (Fig. 5) show differences in the energy dissipation of AFM ultralever which indicates differences in the surface properties of the microspheres. It might indicate the presence of small cavities under a fine layer of polymer (see Fig. 2 by SEM). These cavities are probably filled with water, which gives a nodular aspect instead of craters. The drug release should be affected by this internal structure [20] . Fig. 6 shows SEM picture of microspheres after one month in water. A slight change in the particles shape is observed. The particles are no more spherical. Also, the particles' surface is slightly irregular as also observed by AFM (Fig. 4) . It is important to mention that differences in the deflection of the particle surface in Fig. 5 are not due to surface irregularity but to the presence of cavities of the order of 0.1 µm that are close to the surface. Irregularities due to the degradation of particles morphology observed by SEM are much bigger. 
Electrokinetic study
An electrokinetic study was realized to evaluate the surface properties of the prepared microspheres before and after the drying process. The electrophoretic mobility of the microspheres was investigated as a function of:
i) The pH of the medium at a concentration of NaCl of 1 mM
ii) The ionic strength at a constant pH (pH~8)
Firstly, the zeta potential was investigated in order to point out the effect of pH on the surface charge density. Fig. 7 shows the variation of the zeta potential versus pH at a constant salinity.
The magnitude of the zeta potential was found to be lower than 35 mV, revealing a relatively low surface charge density. The negative zeta potential may be attributed to the presence of carboxylic functions in the PLGA (RESOMER RG 502H) which carries predominantly free carboxylic acid groups on one of the chain ends [21, 22] . For other polymers than PLGA where the zeta potential is initially positive, the zeta potential decrease while increasing the pH and becomes negative at high pH values [23, 24, 25, 26] . The difference between the two observations (zeta potential vs. pH) can be attributed to the presence of high carboxylic amount and the coexistence of other negatively charged compounds.
During rinsing and drying processes, a big amount of PVA is taken off from the particles' surface. It is likely however that some amount of PVA remains adsorbed on the surface even after rinsing [9, 10] . Reducing the amount of PVA on the particles' surface is supposed to increase the zeta potential since the PLGA charge is no more masked by the PVA. Moreover, rinsing reduces the concentration of small particles which should contain a higher amount of PVA due to their higher surface area. It was found that the adsorption of PVA increases with smaller particles due to their higher surface area [7] . Since the concentration of small particles is slightly reduced one may expect an increase in the zeta potential. It can be seen however that the zeta potential is only slightly affected by these processes. Consequently, the drying process can be considered not to have a dramatic effect on the surface properties of the prepared microspheres for the concentrations of PVA used in this work. Secondly, the zeta potential was investigated as a function of ionic strength at constant pH (pH~8). It appears (Fig. 8 ) that the decrease in the magnitude of the zeta potential is basically predicted by the classical electrokinetic theory [26, 27] . For smooth-like particle bearing low surface charge density, the increase in salinity generally leads to a decrease in the potential energy, therefore, a decrease in the magnitude of the zeta potential. The magnitude of the zeta potential of the microspheres before and after drying is low and closes to zero at moderate salinity. The observed slight difference can be attributed to the experimental error range. Therefore, again the drying process was found to have no effect on the colloidal stability of the prepared microspheres under different salinities.
Particles size and stability
The mean particles size as a function of salt concentration at a constant pH (pH~8) was measured until aggregation before and after the drying process. The results are shown on Table 1 . Until 10 mM of NaCl, the colloidal stability of the particles was maintained. Above this critical value, the particles aggregate for both crude and dried particles. Since a small amount of NaCl (< 10 mM) was enough to induce particles aggregation, the colloidal stability should mainly be governed by repulsive electrostatic interaction. In fact, the used amount of PVA is low enough to ensure the sterical stabilization of the particles. 
Determination of PVA content
The amount of PVA adsorbed on the microspheres' surface was measured after rinsing by colorimetric titration as explained in the experimental part. This is important in order to study the colloidal stability of the particles.
The main results of the titration are the following: It should be pointed out that only a small amount of PVA was used in the microencapsulation process (0.1%). After washing twice and drying, only 1% of the initially introduced amount of PVA remained on the surface of microspheres. We could find 0.5% w/w of PVA in the microspheres after the drying process. The same percentage was found in the literature [20] .
The same results of colloidal stability (size and Zeta potential) were obtained before and after drying of the microspheres, which means that both concentrations (0.1% and 0.001% of PVA) lead to the same results. This also suggests that 0.1% of PVA is sufficient to stabilize the emulsion and microspheres but not to stabilize the microspheres in a high salinity medium.
Conclusions
This study was conducted to evaluate the effect of drying and redispersion process on the colloidal and physicochemical characteristics of PLGA microspheres manufactured by a double emulsion method w/o/w.
The colloidal and physicochemical characterization of these microspheres was investigated before and after rinsing and drying processes that consisted of employing a soft flow of compressed air for approximately one hour.
The surface and internal morphology was evaluated by scanning electron microscopy and the surface properties by atomic force microscopy. It can be concluded that the fabricated microspheres are soft and have a spherical shape with a smooth surface after drying but which becomes irregular after one month of suspension in water. Concerning the internal morphology, AFM and SEM indicated the presence of small cavities located just under a fine surface layer of polymer. SEM indicated the presence of bigger cavities in the centre of the microspheres. Electrokinetic study and particle size measurements were also performed as a function of pH and salinity. It was deduced that the colloidal stability of the produced microspheres should mainly be governed by repulsive electrostatic interaction due to the presence of carboxylic groups in the PLGA. The used amount of stabilizing agent (PVA) was low enough to assure microsphere stability in a high salinity medium. The drying process had no effect on the surface properties and colloidal stability of the prepared microspheres. In order to complete this work, the study of the encapsulation efficiency and the biological activity of the loaded protein are in progress. In fact, this work is the first part of a project aimed to encapsulate growth factor in PLGA microparticles for tissue engineering and dental applications.
Experimental part
Materials
The used poly(D,L lactic-co-glycolic acid) (PLGA) was RESOMER RG 502H with a copolymer lactide-glycolide ratio of 48:52 to 52:48 and was supplied by Boehringer Ingelheim. Albumin, bovine BSA (60 kDa) was supplied by Sigma Chemical Company, poly(vinyl alcohol) (PVA) was obtained from Fluka Company and Methylene chloride from Carlo Erba Reagents.
Preparation of microspheres
BSA-containing microspheres were fabricated by a modified water-in-oil-in-water (W/O/W) double-emulsion solvent extraction/evaporation method as shown in Fig. 8 . An internal aqueous phosphate saline buffer (PBS) solution containing 2 mg of BSA was poured into an oil phase (2 mL of methylene chloride containing 500 mg of PLGA). The mixtures were emulsified for 1 min using an Ultraturax ® Highperformance disperser by IKA® apparatus (13000 rpm) to produce a primary W/O emulsion.
The emulsion was injected into a 50 mL of external aqueous solution of 0.1% (w/v) PVA under Ultraturax® stirring (6500 rpm) for 1 min to produce a double W/O/W emulsion. The resultant solution was poured into a large volume of water (100 mL) under mechanical stirring for 2.5 hours in order to extract the solvent to the external phase. The resulting BSA-containing microspheres were collected by simple precipitation, washed twice with 50mL of deionized water, this precipitation was dried (by utilizing a gentle flow of compressed air for approximately one hour) and drying process was chosen to avoid any stress on the particles and the protein (methods such as filtration, centrifugation, freeze drying or vacuum drying were avoided). The obtained microspheres were stored under -20 °C.
Fig. 8. Schematic diagram of microspheres fabrication.
Microsphere size analysis
The particles size was measured using a Coulter counter multisizer (Beckman Coulter LS 230). Samples were prepared by re-dispersion of microspheres in deionized water. The results were reported as a volume size distribution.
Scanning electron microscopy (SEM)
The surface morphology of the microspheres was investigated using scanning electron microscopy (SEM) (FEG Hitachi S 800). Particles were first rinsed on a filter with deionised water and a gentle flow of compressed air was used to realize complete drying of the microspheres. Afterwards, particles are collected from the filter. Microspheres were mounted onto metal stubs using a double-sided adhesive tape. Subsequently, they were vacuum-dried, contacted with silver paint, sputtercoated with a thin layer of gold (10-150A) and imaged with the SEM at 15 kV or 10 kV.
Atomic force microscopy (AFM)
A sample of 20 mg of microspheres was suspended in 5mL of distilled water and after one month the suspension was taken and deposited on freshly cleaved Muscovite mica. 5 minutes after its preparation the still wet sample was observed at ambient temperature on a multimode-Veeco AFM in (Tapping mode). For technical reasons and a good resolution of image we were limited to observe the microspheres of diameter less than 5 µm.
Electrokinetic study
The electrophoretic mobility of the prepared microspheres was determined using the ZetaSizer 3000HS, from Malvern Instruments. The experiments were carried out using highly diluted microspheres dispersion in water at 1 mM NaCl. The electrophoretic mobility was determined as a function of pH at a constant ionic strength and as a function of salt concentration at a constant pH. In this study, the electrophoretic mobility (μ) values were converted to the zeta potential (ξ) [14] using the classical Smoluchowski's equation [24] :
where η is the viscosity of the medium, ε 0 and ε r are the permittivity of vacuum and the relative permittivity of the medium, respectively. All the measurements were at least the average of triplicate values and performed at 25 °C.
Colloidal stability Microspheres as a function of salt concentration
Samples were prepared by re-dispersion of microspheres in several salt concentrations.
The particles size was determined as a function of salt concentration using a Coulter counter multisizer (Beckman Coulter LS 230). The results were reported as volume size distribution. Aggregation was observed by optical microscopy and by hydrodynamic size analysis.
Determination of PVA content
The residual amount of PVA in the obtained microspheres was determined using an iodine-borate colorimetric method [28] with some modification [29] .
The method involves the extraction of poly(vinyl alcohol) from the sample matrix into an aqueous phase, followed by the formation of a PVA-iodine-borate complex that can be detected by visible spectroscopy. The method consists of solubilizing PVA by destroying the microspheres (10 mg) with 2 mL of 1 M NaOH for 30 min at 90 °C.
The resulting solution was neutralized with 1 M HCl. Then, 3 mL of a boric acid solution (3.7% w/v) and 0.5 mL of an iodine solution (1.66% KI + 1.27% I2 in distilled water) were added and the volume was adjusted to 10 mL with distilled water. Samples were analysed at 650 nm using a (Cary 50 spectrophotometer, Varian) in triplicate.
Known amounts of PVA added to 50 mg of PLGA were treated in the same way and used as standards.
